Abstract: For efficient operation, micromotors and microactuators, such as those employed in microsystems, are required to operate with high electric fields at electrode separations of the order of micrometres. An apparatus was built to accurately measure the breakdown voltage for electrode spacings as low as 0 . 5~. Breakdown voltage measurements in air and nitrogen are presented and discussed for the gap range 0.5 to 1 5~. Energy dispersive analysis of X-rays (EDAX) confirms the transfer of material from cathode to anode and vice V L ' I :~ during the breakdown mechanism. The Paschen law has been confirmed not to be applicable at gap settings of less than 4 p . The shape of the curve and the breakdown voltage values are found to be the same for different gases and different high pressures up to 4 p separation. Below this value, an analytical explanation of the breakdown voltage based on quantum tunnelling of electrons is obtained in terms of electrical field enhancement at microprotrusions and the work function of the electrode material.
Introduction
It is well known that the torque produced by electrostatic micromotors and microactuators is limited by the maximum electric field strength of the electrode gap achievable before breakdown. These micro-devices are fabricated either through the use of silicon integrated circuit techniques [I, 21 or by LIGA techniques (Fig. 1) [3, 41 and have typical electrode gap separations of the order of microns. Other things being equal, the electrostatic force, hence the torque, increases with decrease in electrode gap until the onset of breakdown and potential device destruction [5] . To operate these micromotors and microactuators efficiently and safely, it is therefore necessary to know the breakdown voltage between small electrode spacings.
A great deal of published and unpublished data was assembled in the early 1970s by a worhng group of CIGRE (International Conference on Large High Voltage Electric Systems) on the breakdown voltage of common gases between electrodes and the data was presented in the form of Paschen curves [6] . The Paschen law states that the breakdown voltage of common gases in a uniform field is a simple function of the product of the gas pressure, P, and the electrode spacing, d. Departures from the Paschen law have been observed for high pressures and very small electrode spacings [7, 81. However very little information is available in the literature about breakdown voltages at moderate pressures with separations smaller than 3 0 0 p and for pressure-spacing product lower than 20 atmosphere.p. 
Fig. 1
The radius is around 2mm for a height of 2 0 0~. UV-Liga process was used to fabricate the motor Microtrzooror &.s&ed ut Heriot-Wurt Uniwsity Germer [9] studied the breakdown voltage between silver electrodes in air with a spacing smaller than 200p.m and found that the breakdown voltage was significantly different from the Paschen law curve in air at less than 5 p . There is, however, still very little useful data regarding the breakdown voltage between small electrode gaps such as those related to micromotors and microactuators. Work done in our laboratory over the last few years has produced some useful data for breakdown in air and other gases [lo] , at modest elevated and reduced pressure [l I] and for a number of different electrode materials and profiles (spherical, cylindrical and planar). While it is unlikely that these types of surface will be found in some of the more complex practical micro-devices, the approximation of electrodes as plane surfaces at such very short distances has proved to be a valid assumption by previous authors [8, 91. This approximation is used here. The experimental data obtained in this article and in [l 11 are being analysed in the light of Paschen's and Nordheim-Fowler's laws and breakdown voltages of the metal electrodes are being studied with respect to their work function. By the study of breakdown voltage behaviour as a function of the electrode gap spacing, this article aims to provide new quantitative information that can be applicable to micromotors.
Equipment
The in-house built apparatus and gas chamber, already described by Dhariwal et al. [IO] and Torres and Dhariwal [ll] , are shown in Fig. 2 . A Mitutoyo micrometre gauge allows an accuracy of 0 . 2 5~ in the electrode spacing. The equipment was placed in a class 1000 'clean room' to reduce the effects of particle contamination. Moreover, the experiments were carried out in a positive-pressure laminar airflow cabinet of class 100 to keep constant the temperature, humidity and pressure of the environment as these parameters can play a significant role in breakdown. The breakdown voltage is defined as the voltage which produces a measurable current in the circuit shown in Fig. 3 . This current, of the order of less than a few milliamperes, is measured by a digital multimeter. A 400 V DC supply with an intemal resistance of 5kW is used for some of the measurements. For greater voltage, especially at high pressure, another DC source is used with an output voltage up to 5kV and internal resistance of 60MR. The gap is set just before the application of the voltage, which is then raised slowly until the point of breakdown was reached. Detection of the breakdown current is performed by a special detection circuit having a response time of the order of a few microseconds. One of the most important parameters is the surface roughness of the electrodes. The microscopic surface geometry, as distinct from the shape of the whole electrode, can produce local intensification of the field and contribute therefore to low breakdown voltage. The test samples have been manufactured in-house and polished to a good finish using diamond paste down to a grain size of 0 . 2 5~ and then put in an ultrasonic bath to remove loose debris as explained in [lo] . The surfaces of the electrodes were examined with a scanning electron microscope. To reduce the edge-field effects, a large circular flat disc electrode has been used as the anode, shown in Fig. 4 , and a cylindrical electrode as the cathode. The diameter of both electrodes is 2cm. Five different materials have been used for the experiments: copper, brass, iron, aluminium and nickel. To study the transfer of matter from one electrode to another, a nickel anode and aluminium cathode have also been manufactured in the form of circular flat discs (Fig. 4) and submitted to energy dispersive X-ray analysis before and after voltage breakdown. 
Results
Figs. 5 and 6 show a close-up of the surface of a nickel anode before and after breakdown, respectively, obtained at an electrode spacing of 3~. Significant surface change can be seen in the breakdown region (Fig. 6) , resulting in the formation of craters and hills, of dip-to-peak of the order of 2pn, and made of vaporised metal. The physical phenomenon responsible for the surface deterioration, which covers an area of 50 by l o o p 2 , is still under study. A possible explanation stems from the thermal instability of the aluminium cathode, that results in the vaporisation of melted microdroplets towards the anode and the initiation of air breakdown through this discharge process. Another explanation favours the localised heating and subsequent vaporisation of the anode due to the bombardment of electrons emitted by cathode microprotrusions. The evidence of aluminium transfer from the cathode to the anode is confirmed by the elemental analysis maps obtained by the environmental scanning electron microscope (ESEM) XL 30 (Philips). Fig. 7 shows the energy dispersive X-ray (EDAX) map of the pure nickel electrode taken in the region corresponding to Fig. 5 . No other Xray lines are present except for the ones due to X-ray emission from nickel itself. Fig. 8 , tak.en in the breakdown region corresponding to Fig. 6 , however, shows the presence of a further peak at l.SkeV, which corresponds to aluminium. Surface contamination is also witnessed by the presence of carbon and oxygen peaks on the map. By 6] . The other electrode materials give experimental curves of very similar shape [I 11. The effects of increased pressures (1, 3 and 4 atmospheres) on the breakdown voltage are shown in Fig. 10 in the case of nitrogen with nickel electrodes. It can be seen that no change in the breakdown voltage appears at high pressures for a gap setting of less than 4pm, as already observed by Thomson [12] . In both cases, the voltage appears to exhibit four different behaviours which depend on the gap spacing as indicated in Fig. 9 (regions A, B, C and D The variation of the breakdown voltage, V, between plane electrodes is plotted in Fig. 9 as a function 
Discussion
For breakdown to occur, two criteria must be satisfied: there must be suitably placed initiatory electrons, and a mechanism of ionisation must occur to produce amplification of ions or electrons which ofket the loss by diffusion and drift in the inter-electrode space. At large spacings, there is a very large quantity of experimental data and the breakdown processes and mechanisms are reasonably well understood. The Townsend mechanism, by which successive ionisations of gas molecules induce the gas breakdown, explains the process satisfactorily at large separations [7] .
Avalanches cannot be built up in the same way at small separations: the number of ions in the inter-electrode space is so small that they cannot cooperate to enhance the gross field at the cathode. Avrutskii et ul. suggest that impact ionisation processes of the electrode surface microprotrusions may be responsible for the deviations from Paschen's law by enhancing locally the electrical field and contributing thereby to field emission initiated breakdown [13] . Positive ions were also suggested as a contributing factor through two mechanisms: (a) the ions come temporarily to rest on an insulating oxide layer on the cathode surface and create locally a great enhancement of the applied electric field; (6) the ions approach the cathode surface and induce a thinning of the metal potential barrier therefore enhancing the field emission of initiatory electrons [14] . The preliminary analysis of our data suggests that local microprotrusions play an important role in enhancing the electrical field, E. Above l o p (region D), the breakdown voltage, following the Paschen law, can be calculated by the formula [8]:
(1)
where the pressure, P, and the constants A and B, are expressed in Pa, m-'(Pa)-' and Vm-'(Pa)-', respectively. A and B depend solely on the molecular properties of the gas.
The term [owl,, where a is the Townsend's first ionisation coefficient, is calculated at the breakdown voltage and assumed to be independent of EIP. In the range for which Paschen's law holds (EIF in air between 0.75 and 6,01V(Pa)-l, which corresponds in air to gaps above 10 microns), the analytical solution approximates the experimental curve within 3% and the CIGRE's data within 4%) for B = 329Vm-'(Pa)-' and ln([ox&/A) = -1.07. The increase of breakdown voltage at increased pressure, as shown in Fig. 10 , also follows the Paschen law in this region according to eqn. 1.
Deviations from Paschen's law (regions A, B and C) have been observed in the past for gaps below ten microns [7] . The plateau observed between 4 and 10 microns (region C) indicates that air breakdown at around 400V occurs over a path longer than the electrode gap [9] . This is expected as the number of ions is insufficient for avalanche phenomena and the electric field strength is moderate at such electrode spacings. It is also worth noting that the shallow minimum of the Paschen's law at Fd = 3.8 x 1O-jm.Pa renders the separation of the CIGRE's data and the experimental curve in region C rather difficult as shown in Fig. 9 .
The rapid fall-off, in regions A and B, of the breakdown voltage with the gap is associated with the presence of high electrical fields ranging from 5 x 1O'Vm-I at d = 0 . 2 5~ to 10xVm-' at d = 4 p . The smallest potential difference measured in air was 12V at 0.25p-1, which is about one thirtieth of the minimum breakdown voltage according to Paschen's law. Whereas no noticeable variation in the breakdown voltage is observed in these two regions at pressures above 1 atmosphere as shown in Fig. 10 , the breakdown potential diminishes at low pressures. Region B, which ranges from 1 . 5~ to 4pm, is perhaps the least understood of all regions. The near-linear behaviour of the voltage with respect to the gap does not strictly obey the field emission law since the conditions of very low pressure, Pd < 7.5 x l@'m.Pa and high electrical field strength, E > lO9Vm-I, are not satisfied in this region. The voltage breakdown depends strongly on the work function, 0, of the electrode metal. Results obtained at reduced pressure 264 for the five different materials have shown a higher breakdown voltage for nickel electrodes (@ = 4.6eV) than aluminium (@ = 3eV). Kisliuk and Boyle have suggested that a positive ion which approaches the cathode surface, could thin the work function dependent potential barrier of the cathode surface, thereby increasing the yield of secondary electrons [14, 151. The applicability of this single ion theory to our experiments has not been verified yet and the transition from Kisliuk's to Nordheirn-Fowler's (field emission) theory as the pressure is reduced is under investigation.
T T vacuum level metal
Fermi level band edge i Electrical field strength E is applied to the metal Region A, which finishes at 1 . 5~ for the nickel electrode, is perhaps the most important one in microsystems technology since typical separations between the stator and the rotor of a micromotor [16] , or between the cathode and the anode of an electromechanical switch, are of the order of or less than a micron [17] . In this region, an exactly linear relation is measured between the breakdown voltage and the gap, which indicates a constant electrical field strength of around 5 x lO'Vm-'. The same behaviour has been observed in semi-vacuum over the same gap range. This linear behaviour can be explained quantitatively by considering the quantum tunnelling of an electron from the electrode surface. Fig. 1 1 shows the potential energy of an electron trying to escape the surface of the electrode, subjected to an electric field E. The electrical field in this region cannot be higher, at air breakdown, than a certain value Enlax, which is obtained when the apex of the surface potential barrier is reduced to the top Fermi electron energy level. At this limit, the potential energy is:
and where e is the electron charge and q, is the permittivity of the vacuum. For nickel, Emax is about 3.7 x 109Vm-l. This value is about 100 times the field measured in this region. However, it has repeatedly been proposed that the local field at sub-microscopic protrusions on the electrode surface can be 30 to 100 times higher than the measured field [18] . In addition, it is likely that the tunnelling effect through the potential barrier of electrons escaping the surface will take place before Emax, thereby initiating the voltage breakdown mechanism at lower values of the electrical field. However crude the model may be, it provides a rule of thumb to calculate the relative magnitudes of the breakdown voltages when electrodes made of different metals are chosen. If V, is the breakdown voltage measured at spacing d, for a metal electrode of work functions @I, the voltage I/ measured at d (if less than 1 . 5~) of an electrode of work function Q2 is given by v = vl(d/d1)(@2/@l)2 (4) assuming the local field enhancement factor remains the same. The above relation has been verified experimentally for nickel, iron and aluminium materials. For a given gap, the expression of E, , , also advocates the use of high work function electrode material, such as platinum (a = 5.36eV) to increase the breakdown voltage. It should be noted that the data obtained here depend critically on the operating mode of the experiments and the 'operational' history of the electrode.
Conclusion
A custom-made apparatus has been presented, which allows calculation of the breakdown voltage for electrode separation as small as O S p n , in the presence of different gas species and at different pressures. Measurements in air and nitrogen at atmospheric pressure indicate that Paschen's law is not applicable at electrode gap spacings of less than 4~. A possible explanation of the voltage breakdown, which is based on the quantum tunnelling of electrons, at micrometre separation is given in terms of electrode microprotrusions and the electrode material work function.
